SUMMARY. Apjohnite, MnAI. (SOJ4' 22H.O, is monoClinic, space group P21/ C,a 6. I 98 (2), b 24' 347 (4), C 21'266 (4) A, f3 100'28 (3)0 and Z = 4. The crystal structure was determined by means of direct methods applied to X-ray data collected with a single-crystal diffractometer. At the end of the refinement, performed with least-squares method, the R index was 0'039.
THE halotrichite group comprises a series of minerals that present a good example of isomorphic substitutions. The general formula can be written AB2(SOJ4.22H20, where A is mainly Mg2+, Fe2+, Mn2+ while B is AP+ (subordinately Fe3+ and Cr3+). Several analyses support the existence of a complete series between the Fe2+ endmember (halotrichite) and the Mg2+ analogue (pickeringite). It is likely that the series extends also towards the Mn2+ end-member (apjohnite).
A morphological and X-ray study on pickeringite and halotrichite was performed by Bandy (1938) , who reported for pickeringite the space group P2/m; morphological study by Gordon (1942) indicated sphenoidal symmetry, so that in Dana's System (Pal ache et al., 1951 ) the space group is given as P2.
The crystal structure determination presented some difficulties because of the unusually high number of atoms (89) in the asymmetric unit and because of the thin hair-like shape of the crystals. The present investigation, dealing with the crystal structure of apjohnite, forms a part of a series of crystal-chemical studies on hydrated sulphate minerals.
Experimental. Many acicular crystals of pickeringite from Vulcano, from Vesuvius, and from Elba were examined together with some halotrichite crystals, but they were invariably found to be too thin to give reliable intensity data. Crystals suitable for the X-ray study were found only on a sample of apjohnite from Terlano, Bolzano, Italy, kindly supplied by the Revd. Tullio Stolcis.
A partial chemical analysis of this sample was performed by Dr. A. Bencini by atomic absorption. The results for Mn, Mg, Zn, and Fe yield the formula: (MnO'64' MgO'28,ZnO'06,Feo'02) AI2(SO,v4'22H20. Two different samples from the same locality @ Copyright the Mineralogical Society.
were previously studied by Meixner and Pillewizer (1937) , who found one to be a manganoan pickeringite and the other a magnesian apjohnite. Unfortunately Pillewizer's A analysis is not fully reliable because of the noticeable amount (c. 25 %) of admixed epsomite; however, after deducting this one can evaluate an atomic ratio MnjMg of I '2, while the B sample gives a ratio of 0'26. The value found in the present study (Mn/Mg = 2'29) together with the two previous ones, indicates a large diadochy between the two cations. The powder pattern of apjohnite is reported in Table I ; it was partially indexed on the basis of the unit-cell dimensions obtained from a single crystal and taking into account the intensities as measured on a single-crystal diffractometer. By comparison of Table I with the JCPDS cards 11-506 and 12-299 (JCPDS, 1971 ) the close structural relationship between apjohnite, halotrichite, and pickeringite is evident. The unit cell dimensions were determined from twenty-five high theta reflections measured on a single-crystal diffractometer: a 6'198 (2), b 24'347 (4), c 21'266 (4) A, and,B 100'28 (3)°. The observed density, determined by the flotation method, is 1,81 g cm-3 and the calculated value is 1'836 g cm-3. The space group, uniquely determined from the systematic absences, is P21/C.The transformation matrix from Bandy's (1938) orientation to the one of the present study is oOI/oIO/IoI.
Intensities were collected with a Philips PW IIOO 4-circle computer-controlled diffractometer (Centro di Cristallografia Strutturale del CNR, Pavia, Italy), with Cu-Kcx radiation and the w-28 scan technique. A total of 3349 independent reflections in the range 2°< 8 < soo were measured with scan speed 0'02so/sec and scan range 1'0°; only 2423 reflections were judged to be actually measured according to the criterion I ;;;: 3u (I). Intensities were corrected for Lorentz-polarization effects, while absorption correction was considered negligible because the crystal was so thin.
Structure determination and refinement. The structure was solved by means of direct methods using the MULTAN computer program (Germain, Main, and Woolfson, 1971) . In spite of the high number of atoms in the asymmetric unit, MULTAN was able to supply automatically the correct solution, working on 400 normalized structure amplitudes with E ;;;: I'SS. The Fourier synthesis computed from the phasing of these 400 structure factors gave clear indications on all atoms but five oxygens, and of course the hydrogen atoms. The R index (defined as R =~llFol-lFcll/~lFol) was 0'32. In the next electron density map the missing oxygen atoms were located.
The refinement of the structure was performed by the least-squares method; all observed reflections were assigned a weight INu with u deriving from counting statistics. Thermal parameters, at first individual isotropic and later anisotropic, were allowed to vary. Towards the end of the refinement a difference Fourier synthesis was computed in order to locate the hydrogen atoms. Sufficiently reliable indications were obtained for thirty-two hydrogens, which were subsequently refined with a thermal parameter fixed at 7'S A2.The twelve missing hydrogen atoms were located taking into account the consistency of the general hydrogen-bonding system; their positional parameters were computed assuming that H atoms lie approximately on the donoracceptor alignment about one-third of the donor-acceptor distance from the donor. These latter twelve atoms were not refined. With the atom parameters given in Tables  II and III and taking into account the anomalous dispersion correction for the divalent cation (Cromer and Liberman, 1970 ) the final R index was 0'039 for all observed reflections and 0'oS9 including the unobserved ones. The atomic scattering factors for neutral atoms were obtained by interpolation of the values given by Cromer and Waber (196S); for hydrogen atoms the values given by Stewart, Davidson, and Simpson (196S) were used. A table of observed and calculated structure factors is deposited in the library of the Department of Mineralogy, British Museum (Natural History).
Discussion. As one can evaluate from the high number of water molecules in the chemical formula, the hydrogen-bonding system is of particular relevance in this structure. In fact the three-dimensional connection in apjohnite is really due to bonds of this kind, in the same way as in the structure of alunogen (Menchetti and Sabelli, 1974) . Since the ratio between the number of water molecules (22) and cations (3) exceeds the oxygen coordination of the cations (C.N. = 6) one can conclude that at least four water molecules cannot behave as ligands. Actually in apjohnite there are seventeen ligand water molecules and five 'free' water molecules. This is due to the 
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, Each of the ligand water oxygens acts as proton donor towards sulphate oxygens or towards sulphate and free water oxygens. Donor-acceptor distances involved in these latter bonds (that is ligand water~free water) range from 2.60 to 2.66 A so that the free water molecules are to be considered connected strongly enough to the whole structural arrangement. These free water molecules lie in channels, with an hexagonal outline (see fig. 1 ), running parallel to [lOa] ; these channels are built up by the mutual arrangement of three octahedra and three tetrahedra. This feature is similar to that already observed in the structure of alunogen (Menchetti and Sabelli, 1974) , The weak H bonds donated by the free molecules are directed towards oxygen atoms facing the channel, except for the two bonds in which 0(38) is the donor; this atom indeed is bound to two free water molecules, All distances and angles involving hydrogen atoms are shown in Table IV .
The general hydrogen bonding system, however, is not without uncertainties: for instance the configuration of hydrogen atoms around 0 (34) angle instead is 85°; it fits better the acceptor-donor-acceptor configuration. Two more considerations, unfortunately contradictory, are to be taken into account: in the difference Fourier map there is no positive area in the position expected for a hydrogen bridging 0(34) to 0(1); an opposite indication is supplied by the charge balance (see Table V ) which shows 0(1) to be underbonded and 0(30) to be overbonded. FIG . I. Projection of the structure viewed along the a-axis.
As mentioned above, the two independent Al atoms are both coordinated by six water oxygens, while Mn is co-ordinated by five water oxygens and one sulphate oxygen. Examination of bond angles and bond lengths, reported in Tables VI and VII, shows that the three octahedra are almost regular. Within the standard deviation limits, the mean AI-O distance, I '884 A, is identical to the value of 1.882 A found in the structure of alunogen (Menchetti and Sabelli, 1974) . In the International Tables for X-ray Crystallography (1962) , the mean value of 1'91 A for the AI-O distance is reported. In the Mn octahedron the Mn~O distance, 2'093 A, is noticeably shorter than the mean Mn-Ow distance of 2'164 A. In the International Tables the mean value for the Mn-O distance is given as 2'21 A; a similar value, 2'206 A, was found in the structure of hureaulite (Menchetti and Sabelli, 1973) where no sharp distinction between Mn-O and Mn-Ow distances is present. The shorter values found in apjohnite are to be related to the presence ofMg2+ substituting for Mn2+, while inhureaulite a substitution of Fe2+ for Mn2+ was found.
No unusual feature is shown by the four independent S04 tetrahedra for which a Symmetry code: distance was observed (this oxygen is the only one linked also to Mn) unlike what was observed in some iron sulphates, e.g. in roemerite (Fanfani, Nunzi, and Zanazzi, 1970) and in coquimbite (Giacovazzo, Menchetti, and Scordari, 1970) . The electrostatic valence balance, computed according to Brown and Shannon (1973) , is on the whole satisfactory, with some exceptions, e.g. 0(1) and 0(30), as already discussed in the hydrogen bonding description. 
